Background: Next-generation metagenomic sequencing (NGMS) has opened new frontiers in microbial discovery but has been clinically characterized in only a few settings.
H
umans are teeming with microbes that comprise our microbiome and contribute to health and disease. A typical human with 10 12 nucleated cells is estimated to have 10 15 virions and 10 13 bacteria (1, 2). In the past, only the components of the microbiome that could be directly visualized or grown in culture were readily appreciated (3) . Even advances in nucleic acid amplification, such as polymerase chain reaction (PCR), are constrained by the technical necessity of having to specify the suspected microbe before testing (4) . However, a new frontier of microbial discovery has been opened by the deployment of next-generation metagenomic sequencing (NGMS), in which all of the DNA or RNA in a tissue is sequenced and interpreted with novel bioinformatics tools (5) (6) (7) (8) .
In clinical practice, NGMS has been used to detect unsuspected pathogens (7, 9, 10) , and it is also being used to characterize the composition of complex populations of recognized viruses, such as HIV-1 and hepatitis C virus (HCV) ("deep sequencing") (11, 12) . However, although NGMS can uncover novel sequences, the limits of detection are not clearly defined. When no microbial nucleic acid is detected by NGMS in a tissue, how confident can we be in excluding a pathogen's role? When a drug-resistant virus is not detected in a plasma specimen by deep sequencing, how sure can we be that the virus is not present? Likewise, although NGMS provides a means to estimate the quantity of microbial species in a sample, it is not clear how those measurements compare with well-established clinical laboratory quantitative standards. These questions are critical for clinical applications of NGMS.
In this study, we used NGMS to explore the plasma virome of persons heavily exposed to bloodborne infections through long-term injection drug use, in whom we had carefully quantified 2 RNA viruses (HIV and HCV), to determine whether NGMS would reveal additional viruses. To have a reference for the sensitivity of our approach, we studied persons enrolled in a clinical trial of pegylated interferon-␣2b (IFN) who had a broad, dynamic range of HIV and HCV plasma levels documented by clinical quantitative assays.
METHODS

Participants
Characterization of Plasma Nucleic Acids by NGMS
Plasma samples were studied from persons coinfected with HIV and HCV who were enrolled in a prospective study of HCV dynamics after IFN administration before and after antiretroviral therapy (Clinical Trials.gov: NCT01285050) (13) . Briefly, participants were enrolled in a study of response to IFN. After a core liver biopsy specimen was obtained, phlebotomy was performed at structured intervals before and after IFN administration. For the present study, pre-IFN samples and the corresponding samples collected at 72 or 168 hours after IFN administration were used. The
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© 2017 American College of Physicians 1 plasma was centrifuged within 30 minutes of collection and stored at Ϫ80°C until testing. As detailed in the Sample Preparation for NGMS and Quantitative PCR section, sufficient RNA and DNA was obtained at both time points for NGMS for 8 and 10 of the 20 participants, respectively (Appendix Figure 1 , available at Annals.org); thus, there were 8 pairs of samples for RNA NGMS and 10 pairs for DNA NGMS.
Characterization of Human Hepegivirus-1
To study human hepegivirus-1 (HHpgV-1) viremia, 177 plasma samples from 156 persons were selected. These persons were participants in ALIVE (AIDS Linked to the Intravenous Experience), a well-characterized cohort study of injection drug users (14, 15) . To enhance investigation of co-infection with other bloodborne viruses, participants in this study were selected from more than 2000 participants who had samples that had previously been found to contain GB virus C (GBV-C) RNA (n = 20), SEN virus (SENV) DNA (n = 24), HCV RNA (n = 42), and HCV antibodies but not HCV RNA (n = 50). Because we also identified HHpgV-1 sequences in liver tissue (see Results), we included plasma from persons with unexplained alanine aminotransferase levels more than 10 times the upper limit of normal (n = 20). Persistence of HHpgV-1 viremia and its association with hepatitis C viremia were determined by further testing of plasma samples collected at additional time points from persons with HHpgV-1 viremia (n = 11).
Sample Preparation for NGMS and Quantitative PCR
Nucleic Acid Extraction
The ZR-Duet DNA/RNA MiniPrep kit (Zymo Research) was used to extract DNA and RNA from 200 μL of plasma. The kit isolated and purified DNA and RNA separately without the use of carrier RNA. Preextraction steps included spinning the samples at 1600 g for 15 minutes at 4°C to remove debris (such as insoluble complexes), followed by filtration using 0.2-μm Millex syringe filters (EMD Millipore). The filters were ideal for low sample volumes (<1 mL) because their low holdup volumes (<10 μL) resulted in negligible volume loss of the filtrate.
NGMS
The NGMS library constructions were done using the Ovation Single Cell RNA-Seq System (NuGEN) and the Ovation Ultralow System V2 (NuGEN) for RNA and DNA, respectively. The DNA was sheared using a Bioruptor (Diagenode) with the following settings: 30 seconds on and 30 seconds off for 13 cycles. The size distribution of the sheared DNA samples was analyzed using a 2100 Bioanalyzer (Agilent Technologies). The kits were selected on the basis of their ability to generate libraries from low-concentration inputs. In addition, during library preparation, 4 extra amplification cycles were incorporated in each of the 2 amplification steps to increase the final concentration of the libraries.
We were able to generate good-quality sequencing libraries for 8 of 20 participants for RNA and 10 of 20 participants for DNA. The libraries were bar-coded, pooled (10 samples per lane), and sequenced at the Johns Hopkins Genetic Resources Core Facility using a HiSeq 2500 System (Illumina) in high-output mode with a read length of 2 × 100 bp reads (approximately 500 million reads per lane).
Quantitative PCR
Plasma HCV and HIV RNA testing were done using commercial kits from Abbott, as previously described (13) . Quantitative PCR for HHpgV-1 was performed by using primers targeting the NS2-3 region, as described by Berg and colleagues (6) . Quantitation standards for the HHpgV-1 PCR were developed using gBlocks Gene Fragments (Integrated DNA Technologies).
Analysis
Kraken, version 0.10.5-beta (16), was used for metagenomics read classification, with a custom database built from 1) contaminant sequences from the EMVec and UniVec databases as well as other low-complexity sequences (to discard possible laboratory contaminants and nonmicrobial sequences); 2) the human genome build GRCh38.p2 and the mouse genome build GRCm38.p4 (the latter was done to discard less common cases of contamination); 3) all complete genomes in the RefSeq database as of 13 January 2016 in the bacterial (4111 genomes), archaeal (202 genomes), and viral (5412 genomes) domains; 4) all viral genomes listed on the National Center for Biotechnology Information Viral Genomes Resource (17) as of 13 January 2016 (84 272 genomes); and 5) 14 fungal pathogen genomes and 11 protist pathogen genomes. The Kraken index had a total size of 154 GB.
The nonhuman and noncontaminant reads were extracted from the Kraken results and aligned to HHpgV-1 sequences collected from GenBank (accessions NC_027998.2, KT427413.1, KT427408.1, KT427407.1, KU159665.1, KU159664.1, KT427414.1, KT427412.1, KT427411.1, KT427410.1, KT427409.1, and KT439329.1) using the "very-sensitive-local" option in Bowtie 2, version 2.2.6 (18) . Polymerase chain reaction duplicates were removed from the aligned reads using Picard (http://broadinstitute.github.io/picard), and the reads were quality-trimmed using seqtk trimfq with the "Ϫq 0.01" option. The assembly was done using the "-meta" option in SPAdes, version 3.6.0 (19). The alignments were visualized using Pavian (20) . All available HHpgV-1 genome sequences were compared in SeaView (21); the multiple-sequence analysis was done with Clustal Omega (22) , and phylogeny reconstruction was done for NS5B sequences in MEGA7 using the Jukes-Cantor model and the maximum-likelihood algorithm, with 1000 bootstrap replicates used to calculate branch strength (23) . Hepatitis C virus (KX621472) was used as the out-group sequence for the analysis. To compare the quantity of viral reads by NGMS versus our clinical standards, viral reads were expressed per million mapped reads to normalize the sequence data.
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Institutional Review Board Approval
Samples were obtained from persons who provided consent using forms and a protocol approved by the Institutional Review Board of the Johns Hopkins University School of Medicine and the Johns Hopkins Bloomberg School of Public Health.
Role of the Funding Source
The study was funded by the National Institutes of Health (NIH), which had no role in study design, data collection and interpretation, or the decision to submit the manuscript for publication.
RESULTS
Characterization of Plasma Nucleic Acids
From the 18 plasma samples, approximately 600 million nucleic acid sequences (paired reads) were identified (an average of 16 million paired reads per sample). The reads were classified using the Kraken program, which compares each read with a large database of viruses and other species (16) . In addition to the expected HCV-and HIV-derived RNA reads, sequences were detected that aligned with the novel RNA virus HHpgV-1 (5, 6). There also were reads that assigned to murine leukemia virus and orthopoxviruses, such as vaccinia and ectromelia virus (Appendix Figure 2 , available at Annals.org). However, these seemed to be artifactual because the reads were nearly identical and mapped to the same region of the reference sequence. Most DNA reads (99%) mapped as expected to the human genome. The predominant DNA viral reads mapped to the Epstein-Barr virus (6 of 10 participants), members of the human endogenous retrovirus K (6 of 10 participants), and the Anelloviridae family (3 of 10 participants) (Appendix Figure 3 , available at Annals.org). HIV (5 of 10 participants) and HCV (5 of 10 participants) sequences were also identifiable among the DNA viral reads.
NGMS Versus PCR
For this study, sensitivity was defined as the proportion of positive quantitative PCR results that were correctly identified by NGMS, and accuracy was the correlation between the number of viral reads identified by NGMS and plasma nucleic acid levels measured by quantitative PCR. We considered identification of a single HCV or HIV read sufficient to label a sample positive for the virus by NGMS. The sensitivity and accuracy of the quantification of NGMS were assessed by comparison with RNA quantification done by gold standard clinical assays across a dynamic range (Figure 1) (13) . When the quantitative PCR-determined RNA amount was at least 10 000 copies/mL or IU/mL, HIV and HCV sequences were always detected by NGMS, and there was high correlation between PCR and NGMS read numbers (r = 0.69). However, when viremia levels were less than 10 000 copies/mL or IU/mL, NGMS detected viral reads in only 4 of 12 samples, and in that range, correlation was low (r = 0.28) between the NGMS read number and the gold standard RNA amount. The genome coverages of HCV and HIV obtained by NGMS are shown in Appendix Table 1 (available at Annals .org).
Characterization of HHpgV-1
We identified HHpgV-1 reads in 2 of 8 participants (ISV-1 and ISV-2) with RNA NGMS. Human hepegivirus-1 reads were detected at pre-and post-IFN time points in each person. The number of viral reads in participant ISV-1 was large enough to permit almost complete assembly of the genome (minus the untranslated regions) into 1 contiguous sequence. We first gathered all reads from participant ISV-1 that aligned to any of the 12 HHpgV-1 genomes currently deposited in GenBank. After removing PCR duplicates (>95% of the reads), the remaining quality-trimmed read pairs assembled into a single strand (contig) with 9403 base pairs (GenBank identifier: KY646158). More than 90% of the reads used for genome assembly mapped back to the genome, showing an average coverage of 25-fold at time point 1 and 57-fold at time point 2 (Figure 2, top) . Alignment of the sequence to previously published HHpgV-1 genomes showed 94% to 95% identity, consistent with previous reports (6) . Phylogenetically, the genome sequence identified in this study was placed within sequences defined by previously sequenced HHpgV-1 genomes (Figure 2, bottom) . Laser capture microdissection was used to enrich hepatocytes from liver tissue collected from participants ISV-1 and ISV-2, as previously described (24) ; RNA was extracted and studied by NGMS. Human hepegivirus-1 reads were identified in the hepatocytes of participant ISV-1 but not participant ISV-2. HIV and HCV plasma viral RNA quantities, measured by quantitative PCR assays, were correlated with NGMS viral sequence read numbers, expressed as viral reads per million mapped reads. Although the 2 measurements were highly correlated, of 12 samples with PCRdetermined viremia levels <10 000 copies/mL or IU/mL, HIV or HCV reads were detected in only 4 (33%). One of the samples with undetectable HIV viremia by quantitative PCR also had no NGMS reads that mapped to HIV and was therefore not included in the analysis. Markers below the dashed line indicate that no HIV or HCV reads were detectable for those samples. HCV = hepatitis C virus; NGMS = nextgeneration metagenomic sequencing; PCR = polymerase chain reaction.
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Human hepegivirus-1 viremia was detected in 17 (10.9%) of 156 members of the ALIVE cohort by quantitative PCR. To ascertain persistence, stored plasma samples from 8 of these 17 participants were tested at 2 additional time points to span a median of 5886 days (range, 5188 to 6158 days) across the 3 time points. Human hepegivirus-1 RNA was also detected at the earlier and later time points in 6 participants, with a median duration of documented viremia of at least 4538 days (range, 1524 to 6158 days).
Study of HHpgV-1, SENV-D, and HCV in the ALIVE Cohort
Presence of HHpgV-1 in the plasma of participants ISV-1 and ISV-2 was confirmed by quantitative PCR. Compared with those who were negative for HHpgV-1 RNA, those who were positive were more likely to be co-infected with HCV or SENV-D but not GBV-C, SENV-H, or HIV (Appendix Table 2 , available at Annals .org). Persons infected with HHpgV-1 were also older (median age, 46 vs. 42 years) and more likely to be male than uninfected persons. Among 114 who had liver stiffness determinations, median liver stiffness did not differ in 10 who were HHpgV-1-positive (6.9 kPa) versus 104 who were HHpgV-1-negative (6.25 kPa). Because the previous 2 HHpgV-1 reports also found that nearly all infected persons were positive for HCV RNA (5, 6), HHpgV-1 and HCV RNA were quantified in plasma aliquots available from other time points for the 3 participants who were positive for HHpgV-1 and negative for HCV RNA (participants PG-1, PG-2, and PG-3). Further investigation showed that participant PG-1 had low-level hepatitis C viremia at 2 time points that flanked the initial time point, spanning more than 365 days of continuous HHpgV-1 viremia. However, participant PG-2 did not have detectable hepatitis C viremia at the additional time point more than 182 days later = UTR = 3= untranslated region; 5= UTR = 5= untranslated region; E1 and E2 = envelope glycoproteins; HCV = hepatitis C virus; HHpgV-1 = human hepegivirus-1; NGMS = next-generation metagenomic sequencing; NS2, NS3, NS4A, NS4B, NS5A, and NS5B = nonstructural proteins; S = nucleocapsid; X = protein of unknown function. Top. The NGMS reads were large enough to permit construction of a contiguous sequence minus the untranslated regions. More than 90% of the reads used for the assembly mapped back to the genome, showing an average coverage of 57-fold at time point 2. Bottom. Phylogenetically, the NS5B nucleotide sequence was grouped with NS5B sequences from previously identified HHpgV-1. Phylogenetic reconstruction was done on MEGA7 using the Jukes-Cantor model and the maximum-likelihood algorithm with 1000 bootstrap replicates. Only bootstrap values >80% are shown. HHpgV-1 GenBank identifiers were KT427413.1, KT427408.1, KT427407.1, KU159665.1, KU159664.1, KT427414.1, KT427412.1, KT427411.1, KT427410.1, KT427409.1, and KT439329.1. The HCV GenBank identifier was KX621472. The genomic arrangement of HHpgV-1 was modified from Berg and colleagues (6) .
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and also had no evidence of HHpgV-1 RNA. In contrast, participant PG-3 had chronic HHpgV-1 viremia at 3 time points spanning 636 days but did not have detectable HCV viremia at any of the 3 time points tested. In addition, among those in whom both viruses were detected, there was no correlation between the amount of HCV and HHpgV-1 viremia (r = Ϫ0.1969).
DISCUSSION
These data underscore the value and limitations of NGMS in characterization of the human virome. An unexpected, novel hepegivirus was discovered in the human virome, and at high nucleic acid amounts (>10 000 copies/mL or IU/mL), metagenomic RNA sequencing also accurately identified and quantified chronic viral infections. Human hepegivirus-1 was noted to persist for several persons and was identified in the liver of 1 person; however, we found no evidence that HHpgV-1 contributed to liver disease in that patient. Additional work is needed to improve the sensitivity of microbial detection and to characterize the medical importance of these newly recognized viruses.
In this investigation, HHpgV-1 infection was detected in 10.9% of injection drug users. Human hepegivirus-1 has also been reported as human pegivirus-2 (6). Although there is no consensus on the nomenclature, a designation of "pegivirus H" has been proposed (25) . This virus was recently discovered by NGMS in plasma from volunteer blood donors, in whom the prevalence was less than 1% (5, 6). The higher prevalence and persistence detected in injection drug users in our study compared with volunteer blood donors suggests that HHpgV-1 is transmitted by percutaneous blood exposure. Higher prevalences of other bloodborne viruses, including HCV, HIV, SENV, and GBV-C, have been described in this cohort (14, 15, 26) . In addition, bloodborne transmission was suggested in another study that described HHpgV-1 in 2 blood transfusion recipients after but not before transfusion (5) .
In this preliminary study, more than half of participants had both HHpgV-1 and evidence of ongoing HCV replication. This finding is supported by data from 2 published studies, in which HHpgV-1 was predominantly or only detected in plasma containing HCV RNA (5, 6) . Although such viral interdependence as that for hepatitis delta infection and hepatitis B virus (27) is possible, the documented persistent HHpgV-1 infection in the absence of HCV RNA and the potential association between HHpgV-1 and SENV-D strongly suggest that this association reflects greater infection or reinfection among persons in the ALIVE cohort who use the riskiest injection practices.
Although the small number of participants with HHpgV-1 precluded formal analysis of an association between HHpgV-1 and SENV-H or GBV-C, in prior testing in this same cohort SENV-H and GBV-C were shown to be less persistent than HCV or SENV-D (14, 15, 28) . Thus, ongoing infection with those viruses may be less of a marker of high-risk exposures. When both antibody and RNA testing were used, it was evident that nearly all members of the ALIVE cohort had been infected with GBV-C at some point.
One of the virtues of NGMS is its ability to detect the microbial cause of an unexplained medical condition. It has been used to discover Bas-Congo virus, variegated squirrel 1 bornavirus, and Ekpoma virus (9, 29, 30) . However, the sensitivity of the technique and, accordingly, the extent to which a microbial cause can be excluded if not detected is less clear. Under the conditions we studied, NGMS was sensitive only for detection of more than 10 000 copies/mL or IU/mL. Similarly, Li and colleagues used NGMS to study the virome of persons with AIDS and found HIV sequences only in samples that had HIV RNA levels greater than 100 000 copies/mL (31) . Clinicians should bear this limitation in mind when applying NGMS to medical testing, especially when negative results are obtained.
Next-generation metagenomic sequencing is also increasingly used to quantify the amount of DNA or RNA in a sample (32) . In the present study, we found good correlation between NGMS and PCR estimates of the quantity of RNA in plasma greater than 10 000 copies/mL or IU/mL but, as with the sensitivity for detection, low correlation below this level. Different results might be obtained using NGMS platforms that differ in their sequencing chemistries, read lengths, and throughput capabilities (33-35) or using different sample volumes or tissues (6, 30) . Nonetheless, compared with other available platforms, the Illumina HiSeq is characterized by high sequence yields and a low error rate (35) . The study also used a particular library preparation kit (NuGEN), which might differ from others. However, preparation of low-concentration inputs is considered a feature of that kit, and library construction using alternative methods, such as the SMARTer Stranded RNA-Seq Kit (Clontech), did not generate libraries with sufficient concentration for subsequent sequencing (data not shown).
Several additional limitations of this study are notable. Although plasma has less human DNA than most tissues, viral reads accounted for fewer than 1% of the total DNA reads, and prevalence of the Anelloviridae DNA viruses was lower than expected (36, 37) . The high amount (99%) of human DNA reads in the sample may have masked viral reads. This could be overcome by pretreatment of samples with nucleases to eliminate cell-free DNA. Higher depth of sequencing on each sample by pooling fewer samples may also increase the detection limit of NGMS. We also selected persons from the cohort who were known to have other bloodborne viruses in order to enhance investigation of HHpgV-1. Nonetheless, compared with 2761 others, no differences were detected in the age, sex, or race of persons in this substudy.
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